We evaluated the developmental ability of oocytes in porcine primordial follicles xenografted into nude mice. Ovarian tissues from 20-day-old piglets, in which most of the follicles were primordial, were transplanted under the kidney capsules of ovariectomized nude mice. Fortynine to 89 days after grafting (mean ± SEM, 66.9 ± 1.9 days; n=64), the host mice showed the presence of cornified epithelial cells in their vaginal smears for the first time. The mice were then treated with 4 IU of equine chorionic gonadotropin (eCG) 60 days after first detection of vaginal cornification. Oocytes were collected from the host mice 48 h after treatment with eCG, and then matured. The maturation rates, based on the incidence of first polar body, ranged from 25.1% to 42.5%. They were then fertilized in vitro and cultured in vitro for 6 days, or transferred into estrous-synchronized recipients and recovered after 6 days. On Day 6 of culture, 15.4% of the matured oocytes had cleaved to the 2-to 8-cell stage. However, neither the embryos cultured in vitro nor those transferred and recovered developed to advanced embryonic stages, such as morulae or blastocysts. This result suggests that the developmental ability of xenografted oocytes is insufficient, even after in vitro maturation. Further strategies, such as improvement of hormonal treatment for host mice, are required to enable oocytes in xenografted ovarian tissues to acquire the cytoplasmic maturation necessary for embryonic development.
rimordial follicles act as stores of ovarian follicles and are potential resources of oocytes for medical, agricultural, and zoological purposes. Ovarian grafting is a potential method of maturing the oocytes in primordial follicles (primordial oocytes) of large mammals. Successful grafting of ovarian tissues to another site in the body (autografting), resulting in viable offspring, has been reported in humans [1] and other primates [2] .
Cross-species ovarian grafting (xenografting) seems to be more advantageous for multiplication and conservation of domestic or endangered animals. Mouse oocytes that grow within ovarian tissue xenografted to nude rats acquire the ability to generate pups [3] . Moreover, ovarian tissues have been prepared from species phylogenetically distant from mice, including humans [4] [5] [6] [7] , dogs [8] , monkeys [9] , sheep [10] , cows [11] , pigs [12, 13] , tammar wallabies [14] , and common wombats [15, 16] , and xenografted into immunodeficient mice. To date, there has only been one report [12] stating that primordial oocytes can develop in host mice and acquire fertilizing ability in vitro. No xenografting studies have been conducted to investigate in vitro or in vivo development of oocytes grown in xenografts prepared from large mammals, including pigs. We evaluated the developmental ability, after in vitro maturation and fertilization, of oocytes derived from primordial follicles in porcine neonatal ovarian tissues that were xenografted into nude mice. For this purpose, we conducted experiments by both in vitro culture (IVC) [17] and embryo transfer followed by recovery [18] .
Materials and Methods

Xenografting of ovarian tissues into nude mice and hormonal treatment
The protocols for the use of animals were approved by the Animal Care Committee of the National Institute of Agrobiological Sciences of Japan. The methods used for xenografting ovarian tissues into nude mice have been reported previously [12] . Donor ovaries were obtained from 20-day-old crossbred Landrace × Large White × Duroc piglets, born at the National Institute of Livestock and Grassland Science, Tsukuba, Japan. At this age, primordial follicles account for 96% of the total number of follicles in the ovary, and the rest are almost entirely primary follicles [12] . Immediately after removal of the ovary, the cortex was cut into small pieces and then minced into a p p r o x i m a t e l y 1 m m 3 p i e c e s i n s a l i n e supplemented with 668 U/ml of penicillin G potassium (Sigma Chemical Co., St. Louis, MO) and 0.2 mg/ml of streptomycin sulfate (Sigma). As recipients, 6-to 8-week-old female immunodeficient mice (nude mice; CD-Foxn1 nu , Charles River Japan, Yokohama, Japan) were anesthetized and ovariectomized. Small holes were made in the kidney capsule with a pair of fine forceps, and five or six pieces of ovarian tissue were inserted under the capsule in each kidney. Vaginal smears were taken every day starting 40 days after grafting. Forty-nine to 89 days after grafting (mean ± SEM, 66.9 ± 1.9 days; n=64), the host mice showed the presence of cornified epithelial cells in their vaginal smears for the first time. Sixty days after first detection of cornified epithelial cells in vaginal smears, the mice were intraperitoneally given 4 IU of equine chorionic gonadotropin (eCG; PMS1000; Nippon Zenyaku Kogyo, Koriyama, Japan). These mice were then used for oocyte collection.
Oocyte collection, in vitro maturation, and in vitro fertilization (IVF)
Forty-eight hours after the eCG treatment, the mice were anesthetized and bled by cardiac puncture. The ovarian tissues were isolated from the kidneys and all the follicles in the tissues were sliced mechanically with a surgical blade in M e d i u m 1 9 9 ( w i t h H a n k s ' s a l t s ; S i g m a ) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, Invitrogen Corp., Carlsbad, CA), 20 mM HEPES (Dojindo Laboratories, Kumamoto, Japan), 100 IU/ml penicillin G potassium (Sigma), and 0.1 mg/ml streptomycin sulfate (Sigma). Oocytes that had cytoplasmic diameters greater than 115 µm and that were surrounded by several layers of cumulus cells (COCs: cumulus-oocyte complexes) were collected. In vitro maturation and fertilization of oocytes from xenografted tissues were carried out as previously reported [12, 17] . Briefly, about 40 COCs were cultured in 4-well dishes (Nunclon Multidishes; Nalge Nunc International, Rochester, NY) for 20-22 h in 500 µl of maturation medium, a modified North Carolina S t a t e U n i v er s i t y ( N C S U ) -3 7 s o l u t i o n [ 1 9 ] containing 10% (v/v) porcine follicular fluid, 0.6 mM cysteine, 50 µM β-mercaptoethanol, 1 mM dibutyl cAMP (dbcAMP; Sigma), 10 IU/ml eCG, and 10 IU/ml hCG (Puberogen 1500 U; Sankyo, Tokyo, Japan). They were subsequently cultured for 24 h in maturation medium without dbcAMP and hormones. Maturation culture was carried out at 39 C under conditions of CO 2 , O 2 , and N 2 adjusted to 5%, 5%, and 90%, respectively (hereafter, '5% O 2 '). After maturation culture, COCs were treated with 150 IU/ml hyaluronidase (type I-S, Sigma), and the cumulus cells were removed by gentle pipetting. Denuded oocytes were classified by the presence or absence of the first polar body as mature or immature oocytes (PB+ and PB-oocytes, respectively). They were transferred to fertilization medium, which was Pig-FM [20] with the addition of 2 mM caffeine and 5 m g / m l B S A ( F r a c t i o n V , S i g m a ) . F r o z e n epididymal spermatozoa from a boar of the L a n d r a c e b r e e d w e r e t h a w e d a n d t h e n preincubated for 15 min at 37 C in TCM 199 (with Earl's salts, Invitrogen) adjusted to pH 7.8 [17, 21] .
A portion (10 µl) was introduced into 90-µl fertilization medium containing about 20 oocytes. The final sperm concentration was adjusted to 1 × 10 5 /ml. Coincubation was carried out for 3 h at 39 C under 5% O2. Spermatozoa attached to the zona pellucida were removed mechanically with a finebore pipette. Putative Day 0 zygotes (the day of IVF was defined as Day 0) were used for the IVC (PB+ and PB-oocytes) experiment and for the embryo transfer followed by recovery (PB+ oocytes) experiment. In the IVC experiment, we fertilized and cultured PB-oocytes as well as PB+ ones to increase the chance of in vitro development.
IVC
Putative zygotes were cultured in vitro as described previously [17] . Briefly, two types of medium were prepared for IVC: 1) IVC-PyrLac [a glucose-free NCSU-37 solution containing 0.4% 
Estrus synchronization and embryo transfer followed by recovery
Estrus synchronization of recipients and embryo transfer were carried out in basically the same manner as reported previously [18, 22, 23] . Estrus synchronization of recipient cross-bred gilts was performed by intramuscular injection of 1000 IU of eCG, followed by 500 IU hCG 72 h after the eCG injection. Putative zygotes were transferred to IVCPyrLac-HEPES solution [24] , an IVC-PyrLac solution containing 20 mM HEPES with osmolality adjusted to 285 mOsm. Seven hours after insemination and 43-45 h after hCG injection of the recipients, the zygotes were surgically introduced (28 to 125 oocytes per recipient) into the oviducts of the recipients. On Day 6, the uterine horns of the recipients were surgically flushed with 50 ml of Dulbecco's phosphate-buffered saline containing 1% (v/v) FBS. The developmental stages of the recovered embryos and/or oocytes were evaluated by morphological examination under an inverted m i c r o s c o p e w i t h a N o m a r s k i d i f f e r e n t i a l interference contrast apparatus.
Results
In vitro maturation
Maturation rates-calculated as the number of PB+ oocytes as a percentage of the number of oocytes used for maturation culture-ranged from 25.1% to 42.5% (Tables 1 and 2 ). Morphologically, the oocytes (Fig. 1 ) appeared similar to the in vitromatured oocytes used in our laboratory that were derived from prepubertal gilts [17] .
IVC
T h e r e s u l t s o f t h e I V C e x p e r i m e n t a r e summarized in Table 1 . When PB+ oocytes were fertilized in vitro, the rate of cleavage to the 2-to 8-cell stage was 15.4%. However, these embryos arrested and showed no sign of developmental All embryos were cultured for 6 days and evaluated. A total of 279 oocytes after in vitro maturation from a total of 26 mice were classified as PB+ and PB-oocytes (with and without first polar body, respectively). Three replicated trials were carried out. The mean % ± SEM is shown. *Includes fragmented.
ability to the morula or blastocyst stage (Fig. 2) . On the other hand, when PB-oocytes were fertilized, the cleavage rate (3.2%) was lower than that of PB+ oocytes. In this group, no developing embryos with more than 9 cells were obtained.
Embryo transfer followed by recovery
More than 300 mature oocytes were fertilized in vitro and transferred to a total of four recipients (Table 2 ). About 60% of them were recovered from the recipients, but none developed to advanced stages, such as morulae or blastocysts (Fig. 3) . The zonae pellucidae of some of these recovered embryos were deformed into oval or disk shapes; this was not seen in the in vitro-cultured embryos.
Discussion
In our previous study, we reported that porcine primordial follicles can be grown to the antral stage in nude mice, and also demonstrated that the oocytes collected from these antral follicles can be matured and fertilized in vitro [12] . In that report, the maturation rate of the recovered oocytes was 46%, and the number of normal fertilizations as a percentage of the total number of oocytes used for IVF (as characterized by the presence of a single male pronuclei with emitted second polar bodies) was 45%. In the present study, we used the same maturation system, which gave an acceptable rate of PB+ oocytes (25.1% to 42.5%). We expected that an adequate percentage of normally fertilized oocytes would be obtained in the present study when PB+ oocytes were fertilized in vitro. We also fertilized PB-oocytes and cultured them in vitro to increase the possibility of detecting embryonic development because such immature oocytes have the ability to be fertilized and to develop to the blastocyst stage [25, 26] . When both PB+ and PBoocytes after IVF were cultured in vitro, some of the embryos developed to the 2-to 8-cell stage, but none of the embryos developed to more advanced stages, such as morula or blastocyst. Our previous report [27] confirmed that porcine embryos produced in vitro and derived from oocytes from prepubertal gilts differed in their timings of cleavage of blastomeres on Day 2. This resulted in a wide variety of developmental embryonic stages (2-to 8-cell stage), but most were at the late 4-cell stage on Day 2. Cell block is reported to occur in porcine embryos at the 4-cell stage and is related to embryonic genome activation [28] . We can conclude that the level of cytoplasmic maturation of oocytes from xenografts 48 h after eCG treatment was not sufficient to enhance the embryonic potential for genome activation or to overcome the cell block.
Furthermore, after IVF of PB+ oocytes, we transferred putative zygotes into the oviducts and recovered them from the uterus on Day 6 after IVF and transfer. Although our IVC system has been proven to generate blastocysts that can develop into piglets after transfer to recipients [17] , we transferred putative Day 0 zygotes into the recipients without the use of any IVC. If embryonic development can be supported under in vivo conditions, embryo quality would be better [18] and fetal development and farrowing rates would be higher [22] . We conducted the embryo transfer experiment for these reasons, and because we considered that the in vivo conditions would improve cytoplasmic ability for preimplantation development. However, we did not obtain any viable embryos after recovery. The stage at which each embryo stopped development was not confirmed, but some of them might have arrested after cleavage, the same stage as in the IVC e x p e r i m e n t . T h e s e r e s u l t s s u g g e s t t h a t development of embryos from xenografts cannot be improved, even under in vivo conditions. We conclude that a combination of ovarian xenografting and harvesting at an interval of 48 h after eCG treatment of the host mouse does not endow primordial oocytes with developmental competence after IVF. It is apparent that porcine primordial follicles develop to the antral stage in the xenografts, but the growth of these antral follicles is regulated by the hormonal conditions in the mouse, not in the pig. This may partly account for the incomplete developmental ability of the porcine oocytes. Further study is required for the development of effective hormonal treatments that will enhance the developmental ability of oocytes within xenografts. In vitro-matured and -fertilized PB+ oocytes were cultured in vitro for 6 days. Embryos were identified that were arrested at, for example, the 4-( ) or 6-cell ( ) stages. Photographed under a stereomicroscope.
The bar represents 100 µm. 
